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Abstract 
 
In inertial confinement fusion the target implosion non-uniformity is introduced by a 
driver beams’ illumination non-uniformity, a fuel target alignment error in a fusion 
reactor, the target fabrication defect, et al. For a steady operation of a fusion power 
plant the target implosion should be robust against the implosion non-uniformities. In 
this paper the requirement for the implosion uniformity is first discussed. The 
implosion uniformity should be less than a few percent. A study on the fuel hotspot 
dynamics is also presented and shows that the stagnating plasma fluid provides a 
significant enhancement of vorticity at the final stage of the fuel stagnation. Then 
non-uniformity mitigation mechanisms of the heavy ion beam (HIB) illumination are 
also briefly discussed in heavy ion inertial fusion (HIF). A density valley appears in 
the energy absorber, and the large-scale density valley also works as a radiation 
energy confinement layer, which contributes to a radiation energy smoothing. In HIF 
a wobbling heavy ion beam illumination was also introduced to realize a uniform 
implosion. In the wobbling HIBs illumination, the illumination non-uniformity 
oscillates in time and space on a HIF target. The oscillating-HIB energy deposition 
may contribute to the reduction of the HIBs’ illumination non-uniformity by its 
smoothing effect on the HIB illumination non-uniformity and also by a growth 
mitigation effect on the Rayleigh-Taylor instability.  
Key words: implosion uniformity, non-uniformity mitigation, inertial confinement 
fusion, heavy ion beam, hot-spot dynamics. 
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1. INTRODUCTION 
In inertial confinement fusion, the fuel target implosion non-uniformity leads a 
degradation of fusion energy output. The implosion uniformity requirement is stringent. 
Therefore, it is essentially important to improve the fuel target implosion uniformity, 
and the implosion non-uniformity would be induced by the driver beam illumination 
non-uniformity (Bodner, 1981, Lindl, 1995, Miyazawa et al., 2005, Kawata et al., 2009). 
The target implosion non-uniformity allowed is less than a few percent in inertial fusion 
target implosion (Emery et al., 1982, Kawata et al., 1984). In heavy ion inertial fusion 
(HIF) the heavy ion beam (HIB) has preferable features, and the HIB axis is precisely 
controlled with a high frequency (Arnold et al., 1987, Piritz et al., 2003a, Piritz et al., 
2003b, Basko et al., 2004, Logan et al., 2008, Kawata, 2012). The energy efficiency of 
the HIB generation is high, that would be about 30~40%. The HIBs illumination non-
uniformity would be mitigated by a radiation smoothing of the HIB deposition energy 
and by the wobbling beam motion, that is, the HIB axis oscillation or rotation (Arnold et 
al., 1982, Piritz et al., 2003a, Piritz et al., 2003b, Basko et al., 2004, Logan et al., 2008, 
Qin et al., 2010, Kawata, 2012)]. In general, the target implosion non-uniformity is 
introduced by a driver beams’ illumination non-uniformity, an imperfect target 
sphericity, a non-uniform target density, a target alignment error in a fusion reactor, et 
al. The target implosion should be robust against the implosion non-uniformities.  
     The fuel implosion non-uniformity is an important central concern in the HIF 
imploding fuel plasma. The Rayleigh-Taylor (R-T) instabilities take place at the stages 
of shock acceleration, steady acceleration and stagnation of the implosion due to 
additional seeding of R-T instabilities by the imperfections of the HIB energy drive and 
the target.  
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     In this paper an implosion dynamics is first investigated in heavy ion inertial fusion. 
Heavy ions deposit their energy inside the target energy absorber, and the energy 
deposition layer is rather thick, for example, about several hundreds µm or more, 
depending on the ion particle energy. The requirement for the implosion uniformity is 
next discussed. The target implosion uniformity should be less than a few percent. 
Especially the hotspot dynamics is also focused in order to investigate the origin of the 
large amplitude of the fuel target implosion non-uniformity at the stagnation phase: at 
the initial stage, a few percent of the implosion non-uniformity would be introduced by 
various sources of the non-uniformity, including the HIB illumination non-uniformity. 
During the implosion, the non-uniformity amplitude grows significantly so that the 
fusion energy output is degraded. At the stagnation phase the fuel mixing is 
significantly enhanced. In this paper a hot-spot dynamics analysis is introduced at the 
final stage of the stagnation phase or at just before the fuel ignition, and presents that 
the fuel fluid vorticity is significantly enhanced during the final stagnation phase, in 
which the fuel radius shrinks much. The fuel shrinkage at the stagnation phase defines 
the requirement of the initially introduced non-uniformity. Because the non-uniformity 
amplitude enhancement, led by the fuel vorticity enhancement, is significant at the final 
stagnation phase, the initial requirement for the implosion uniformity is stringent.  
     Then the non-uniformity mitigation mechanisms of the heavy ion beam illumination 
are discussed in HIF. A density valley appears at the energy absorber, and the density 
gradient scale length is also thick: about several hundred µm or so.  The large density-
scale length is unique in HIF and contributes to a reduction of the R-T instability growth 
rate.  In addition, the large-scale density valley also works as a radiation energy 
confinement layer, which also contributes to a radiation energy smoothing. In HIF a 
wobbling heavy ion beam illumination was also proposed to realize a uniform 
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implosion. The wobbling HIB axis oscillation is precisely controlled. The oscillating 
frequency may be several 100MHz~1GHz (Arnold et al., 1987, Piritz et al., 2003a, 
Piritz et al., 2003b, Basko et al., 2004, Logan et al., 2008, Qin et al., 2010, Kawata, 
2012). In the wobbling HIBs illumination, the illumination nonuniformity oscillates in 
time and space on a HIF target. The oscillating-HIB energy deposition may contribute 
to the reduction of the HIBs’ illumination nonuniformity by its smoothing effect on the 
HIB illumination nonuniformity and also by a growth mitigation effect on the R-T 
instability. If the perturbation phase is known, the instability growth can be controlled 
by a superposition of perturbations; the well-known mechanism is a feedback control to 
compensate the displacement of physical quantity. If the perturbation is induced by, for 
example, the HIB axis wobbling, the perturbation phase could be controlled and the 
instability growth is mitigated by the superposition of the growing perturbations. 
 
2. TARGET IMPLOSION DYNAMICS IN HEAVY ION FUSION 
A target energy gain required for an energy production is evaluated by a reactor-
energy balance in inertial fusion. A driver pulse delivers an energy Ed to a target, 
which releases fusion energy Efusion. The energy gain is G =Efusion/Ed. The fusion 
energy is first converted into electricity by a standard thermal cycle with an efficiency 
Fig. 1 An example fuel target structure in heavy ion inertial fusion.  
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of ηth. A fraction f of the electric power is circulated to a driver system, which 
converts it into HIB energy with an efficiency of ηd. The energy balance for this cycle 
is written by f ηth ηd G = 1. Taking ηth = 40 % and requiring that the circulated-energy 
fraction of electrical energy is less than 1/4, we find the condition Gηd > 10. For a 
driver efficiency in the range of ηd = 10 ~ 33%, the condition G = 30 ~ 100 is 
required for power production. Therefore, the preferable pellet gain required is about 
30 ~ 100 in HIF. 
     In order to study the fuel target implosion in HIF, we present a target 
hydrodynamics by using a hydrodynamics code coupling with the HIB illumination 
code (Someya et al., 2006a, Someya et al., 2006b). We employ a 32-HIBs 
illumination system (Skupsky et al., 1983). In this paper, two-dimensional simulations 
are performed. Figure 1 shows the fuel target. The Pb, Al and DT layer thicknesses 
are 0.03 mm, 0.40 mm, 0.10 mm, and the mass densities 11.3 g/cm3, 2.69 g/cm3 and 
0.19 g/cm3, respectively. The HIB input pulse is shown in Fig. 2. In this specific case, 
the total HIB energy is 4.0 MJ.  
Fig. 2 An input heavy ion beam pulse. The HIB pulse consists of the low power part (foot 
pulse) and the high power one (main pulse). 
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     Figure 3 presents a mean density and a mean radiation temperature averaged over 
the θ direction at 36.2 nsec. The averaged HIB illumination non-uniformity is 2.3 % 
in this case. The 32 Pb ion beams impinge the pellet surface (Skupsky et al., 1983).  
     The HIB deposition energy distribution produces an ablation region at the Al 
energy absorber layer, and then about one-third of Al pusher mass pushes the DT fuel. 
In Fig. 3 the low density region appears at the ablation front. The density gradient 
scale length of the ablation surface is relatively large in HIF target implosion, that is, 
about several hundred µm ~ 500µm or so.  
     When the density gradient scale length L is large, the growth rate (γ) reduction 
effect on the R-T instability would be expected (Bodner, 1974, Takabe et al., 1985, 
Abarzhi, 2010): 𝛾 = 𝑔𝑘 1+ 𝑘𝐿 . Here 𝑔 is the implosion acceleration, and 𝑘 the 
wave number. In HIF, typically L is about several hundred µm ~ 500 µm, and the 
ablation effect is minor. Therefore, the short wavelength (2𝜋/𝑘) modes of the 
perturbation would be suppressed or mitigated by the density gradient effect in HIF. 
So in HIF typically the large scale perturbation modes, which have the wavelength of 
Mass density 
Radiation temperature 
Fig. 3 A mean density and a mean radiation temperature 
averaged over the θ direction at 36.2 nsec. 
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several hundred µm ~ 500µm, are serious to keep the fuel target implosion spherically 
symmetric.  
 
3. REQUIREMENT OF IMPLOSION UNIFORMITY 
In this section, the nonuniform implosion effect is discussed on the target implosion in 
inertial fusion. It is confirmed that the nonuniformity of the implosion acceleration is 
required to be less than a few percent in reactor size fuel targets (Emery et al., 1982, 
Kawata et al., 1984). Therefore, the driver energy deposition should be rather uniform 
to fulfill the uniform implosion requirement, and smoothing mechanisms are also 
expected to reduce the implosion non-uniformity. The R-T instabilities must take 
place at the ablation front and at the stagnation phase in inertial fusion target 
implosion. For the R-T instability at the stagnation phase, the initial perturbation 
amplitude and phase are defined by the non-uniform implosion process before the 
stagnation. The uniform implosion at the acceleration phase is essentially important. 
The 𝜌𝑅  product of the fuel mass density 𝜌 and the fuel radius 𝑅 at the stagnation is 
directly relating to the fusion energy output. When a small implosion non-uniformity 
is imposed, 𝜌𝑅 is degraded from the perfect uniform (𝜌𝑅)!. 𝜌𝑅 is proportional to 1/𝑅! . Therefore, (𝜌𝑅)/ 𝜌𝑅 ! = (𝑅 + 𝛿𝑅)/𝑅 !! = (1+ 𝛿𝑅/𝑅)!! . On the other 
hand, the nonuniformity 𝛿𝛼  of the implosion acceleration 𝛼  is estimated by 𝛿𝛼/𝛼 ≃ 𝛿𝑅/𝑟! = (𝛿𝑅/𝑅)(𝑅/𝑟!) = 𝜂!!/!(𝛿𝑅/𝑅), where 𝑟! is the fuel initial radius 
and 𝜂 the density compression ratio. Typically the density compression ratio 𝜂 is 
about 1000 in inertial fusion.  Then we obtain the relation of 𝛿𝛼/𝛼 ≃ 𝜂!!/! {(𝜌𝑅)!/𝜌𝑅}!/! − 1 . In an inertial fusion reactor the degradation threshold of (𝜌𝑅)/ 𝜌𝑅 ! 
would be about 0.5 ~ 0.8, and 𝛿𝛼/𝛼 should be less than about 4.0% (Kawata et al., 
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1984). Based on this consideration, the driver beam illumination non-uniformity 
should be also mitigated to release a sufficient fusion energy output.  
 
 
4. HOT-SPOT DYNAMICS 
In order to investigate the fuel dynamics near the ignition, a hot-spot dynamics 
analysis is presented at the final stage of the fuel stagnation in this section. At the 
initial stage of the fuel target implosion the implosion non-uniformity reflects the 
imposed non-uniformity by, for example, the driver beam illumination non-uniformity, 
the target fabrication error and so on. During the implosion, the target radius shrinks 
till the fuel ignition, and the initial amplitude of the imposed non-uniformity grows as 
the fuel radius shrinks as discussed in Section 3. However, the previous implosion 
simulation results (Someya et al., 2006b) presented that the non-uniformity grows 
significantly and the non-uniformity amplitude enhancement is extraordinary 
especially around the ignition or final stagnation phase.  
     When the fuel behavior near the ignition is treated by a fluid model in the 
Lagrangian form, the Kelvin’s theorem shows conservation of the vorticity 𝜔 (Landau 
et al., 1959):  𝜔𝑆 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                                        (1) 
Here 𝑆 is the circulating area. In inertial fusion, the DT fuel mixing is induced by the 
R-T instability and also by the non-uniform implosion. The fuel mixing is one kind of 
the vortex, that is, the circulating motion. During the shrinkage of the DT fuel at the 
stagnation final stage just before the fuel ignition, 𝑆 would be reduced together with 
the shrinkage of the fuel radius scale length 𝐿!". Therefore, the vorciticy 𝜔 would be 
enhanced significantly at the final stage of the stagnation as follows:  𝜔~𝜔!(𝐿!"!/𝐿!")!                                                                                                        (1) 
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In addition, the fusion fuel target shrinks in a 3 dimensional way. So in the 
Lagrangian frame the fuel mass is conserved during the stagnation, and the Ertel’s 
thorem (Landau et al., 1959, Ertel, 1942) shows  𝜔/𝜌 = 𝜔!/𝜌!.                                                                                                                                (2) 
In the inertial fusion fuel is compressed in 3D, and so  𝜔~𝜔!(𝐿!"!/𝐿!")!.                                                                                                        (3) 
Based on this consideration, the vorticity 𝜔, that is, the circulation of the DT fuel 
would be enhanced significantly. The circulation enhancement induces the mixing of 
the cold fuel and hot fuel.  
     Due to the fuel mixing enhancement at the fuel stagnation phase, the fuel non-
uniformity would be significantly enhanced at the final stage of the fuel compression 
just before the fuel ignition. In order to release the DT fusion energy stably, the initial 
non-uniformity, which is the seed of the consequent fuel mixing at the final stagnation 
phase.  
 
5. SMOOTHING MECHANISMS OF BEAM ILLUMINATION 
NONUNIFORMITY 
In inertial confinement fusion, the driver beam illumination non-uniformity leads a 
degradation of fusion energy output. Therefore, it is important to reduce the 
illumination non-uniformity. In this section two smoothing mechanisms are presented 
for the beam illumination non-uniformity in HIF.  
     As discussed above, HIB ions deposit their energy in a deep layer of the energy 
absorber, and so a density valley appears inside the energy absorber. Even in a direct 
driven fuel target shown in Fig. 1, a part of the HIB energy is converted to a radiation 
energy confined in the density valley. The density valley plays a role to confine the 
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radiation energy and to smooth the HIB deposition energy partly. First we discuss the 
direct-indirect hybrid mode of the target implosion in HIF.  
     Then we introduce another smoothing mechanism by wobbling HIBs. In general a 
perturbation of physical quantity would be an origin of instability. Normally the 
perturbation phase is unknown so that the instability growth is discussed with the 
growth rate. However, if the perturbation phase is known, the instability growth can 
be controlled by a superposition of perturbations. If the perturbation is induced by, for 
example, a particle beam axis oscillation or wobbling, the perturbation phase could be 
controlled and the instability growth is mitigated by the superposition of the growing 
perturbations.  
 
5.1  Direct-Indirect Hybrid Mode of Target Implosion 
In order to realize an effective implosion, beam illumination non-uniformity on a fuel 
target must be suppressed less than a few percent. In this subsection a direct-indirect 
mixture implosion mode is discussed in heavy ion beam (HIB) inertial confinement 
fusion (HIF) in order to release sufficient fusion energy in a robust manner. In the 
direct-indirect mixture mode target, a low-density foam layer is inserted, and the 
radiation energy confinement is enhanced by the foam layer. In the foam layer the 
radiation transport is expected to smooth the HIB illumination non-uniformity in the 
lateral direction. Two-dimensional implosion simulations are performed (Someya et 
al., 2006a, Someya et al., 2006b), and show that the HIB illumination non-uniformity 
is well smoothed in the direct-indirect mixture target.  
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     Figure 1 shows a typical fuel target in HIF. The radiation energy confined may 
smooth the HIB illumination non-uniformity. Therefore, we employ a foam layer to 
increase the confined radiation energy at the low density region as shown in Fig. 6. 
We call this target as a direct-indirect hybrid target. The mass density of the foam 
layer is 0.01 times the Al solid density in this study. 
 
 
 
 
The HIB pulse consists of a foot pulse and a main pulse as shown in Fig. 2. In this 
case, the total HIB energy is 4.0MJ. We employ a 32-HIBs illumination system 
(Skupsky et al., 1987). We evaluate the beam illumination non-uniformity at the 
target. In HF the Bragg peak deposition area plays the most important role for a target 
implosion. Therefore, we employ the total relative root-mean-square (RMS) as 
fallows;  
σ RMS = wiσ RMSi
i
nr
∑ ,σ RMSi =
1
E i
E i −Eijk( )
2
k
∑
j
∑
nθnϕ
wi =
Ei
E
   (6) 
Here, RMSσ  is the RMS non-uniformity of beam illumination.  RMSiσ  is the RMS non-
uniformity on the i-th (r=constant) surface of deposition. iw  is the weight function in 
Fig. 4. Target structure with the 0.5 mm-thick foam. The foam 
inserted confines the radiation energy more to smooth the HIBs 
illumination nonuniformity.  
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order to include the Bragg peak effect.  θnnr ,  and φn are mesh numbers in each 
direction of the spherical coordinate. iE  is the mean deposition energy and iE  is 
the total deposition energy on the i-th surface. E  is the total deposition energy. In 
this paper, two-dimensional (r-θ) simulations are performed, and the two-dimensional 
HIB-illumination time-dependent pattern at φ=90 deg is employed from the HIB 
illumination code.  
     In the foam layer the radiation transport is expected to smooth the HIB 
illumination non-uniformity in the lateral direction. To see the radiation transport 
effect on the implosion non-uniformity smoothing, we compare the results for the 
cases with the radiation transport (ON) and without the radiation transport (OFF) for 
the target shown in Fig. 6. Figure 7 presents the time histories of the RMS non-
uniformity of the radiation temperature at the ablation front in the cases of the 
radiation transport ON and OFF. In Fig. 7 we see that the implosion non-uniformity at 
the ablation front becomes small effectively by the main pulse in the case of the 
radiation transport ON. During the main pulse, the implosion non-uniformity is well 
smoothed by the radiation transport effect.  
Fig. 5 The time histories of the RMS non-uniformity of the radiation 
temperature at the ablation front in the cases of the radiation transport ON 
and OFF. 
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     In the direct-indirect hybrid implosion we employ the target with the 0.5mm-
thickness foam as shown in Fig. 6. The peak conversion efficiencies of the HIB total 
energy to the radiation energy are ~ 4.5 % in the case of the 0.5mm foam and ~ 1.5 % 
in the case without the foam. The result means that a few hundreds kJ of the radiation 
energy is confined in the density valley and contributes to the nonuniformity 
mitigation. From these results, we find that the implosion mode in the case with the 
foam is a direct and indirect hybrid mode.   
 
5.2 Wobbling Heavy Ion Beam Illumination 
So far the dynamic stabilization for the R-T instability (Wolf, 1970, Troyon et al., 
1971, Boris, 1977, Betti et al., 1993, Piritz et al., 2010, Piritz et al., 2011) has been 
discussed in order to obtain a uniform compression (Nuckolls et al., 1972, Atzeni et 
al., 2004) of a fusion fuel in inertial confinement fusion. The R-T dynamic 
stabilization was found many years ago (Wolf, 1970, Troyon et al., 1971) and is 
important in inertial fusion. It was found that the oscillation amplitude of the driving 
acceleration should be sufficiently large to stabilize the R-T instability (Wolf, 1970, 
Troyon et al., 1971, Boris, 1977, Betti et al., 1993, Piritz et al., 2010, Piritz et al., 
2011). In inertial fusion, the fusion fuel compression is essentially important to reduce 
an input driver energy (Nuckolls et al., 1972, Atzeni et al., 2004), and the implosion 
uniformity is one of critical issues to compress the fusion fuel stably. Therefore, the 
R-T instability stabilization (Wolf, 1970, Troyon et al., 1971, Boris, 1977, Betti et al., 
1993, Piritz et al., 2010, Piritz et al., 2011) or mitigation (Kawata et al., 1993, Kawata, 
2012) is attractive to minimize the fusion fuel mix.  
     On the other hand, instabilities grow from a perturbation in general, and normally the 
perturbation phase is unknown. Therefore, we cannot control the perturbation phase, 
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and usually the instability growth rate is discussed. However, if the perturbation phase 
is controlled and known, we can find a way to control the instability growth. One of the 
most typical and well-known mechanisms is the feedback control in which the 
perturbation phase is detected and the perturbation growth is controlled or mitigated or 
stabilized. In plasmas it is difficult to detect the perturbation phase and amplitude. 
However, even in plasmas, if we can actively impose the perturbation phase by the 
driving energy source wobbling or so, and therefore, if we know the phase of the 
perturbations, the perturbation growth can be controlled in a similar way (Kawata et al., 
1993, Kawata, 2012). This control mechanism is apparently different from the dynamic 
stabilization shown in the previous works (Wolf, 1970, Troyon et al., 1971, Boris, 1977, 
Betti et al., 1993, Piritz et al., 2010, Piritz et al., 2011). For example, the growth of the 
Weibel instability or the filamentation instability (Weibel, 1959) driven by a particle 
beam or a jet could be controlled by the beam axis oscillation or wobbling. The 
oscillating and modulated beam induces the initial perturbation and also could define 
the perturbation phase. Therefore, the successive phase-defined perturbations are 
superposed, and we can use this property to mitigate the instability growth. Another 
example can be found in heavy ion beam inertial fusion; the heavy ion accelerator could 
have a capability to provide a beam axis wobbling with a high frequency. The wobbling 
heavy ion beams also define the perturbation phase. This means that the perturbation 
phase is known, and so successively imposed perturbations are superposed on plasma. 
We can use the capability to reduce the instability growth by the phase-controlled 
superposition of perturbations. In this subsection we discuss and clarify the dynamic 
mitigation mechanism for instabilities.  
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     In heavy ion inertial fusion (HIF) the HIBs illumination non-uniformity would be 
mitigated by the wobbling beam motion, that is, the HIB axis oscillation or rotation 
(Kawata et al., 1993, Kawata, 2012).  
     In instabilities, one mode of an initial perturbation, from which an instability 
grows, may have the form of a = a
0
e
ikx+γt , where a
0
 is the amplitude, k = 2π / λ  is the 
wave number, λ  the wave length and γ  the growth rate of the instability. At t=0 the 
perturbation is imposed. The initial perturbation may grow by an onset of instability. 
After Δt, if the feedback control works on the system, another perturbation, which has 
an inverse phase with the detected amplitude at t=0, is actively imposed, so that the 
actual perturbation amplitude is mitigated very well. This is an ideal example for the 
instability mitigation. 
     In plasmas the perturbation phase and amplitude cannot be measured dynamically. 
However, by using a wobbling beam or an oscillating beam or a rotating beam or so, 
the initial perturbation is actively imposed so that the initial perturbation phase and 
amplitude are defined actively. In this case, the amplitude and phase of the unstable 
perturbation cannot be detected but can be defined by the input driver beam wobbling 
at least in the linear phase. In plasma it is difficult to realize the perfect feedback 
control, but a part of its idea can be adopted to the instability mitigation in plasmas. In 
actual, heavy ion beam accelerator can provide a controlled wobbling or oscillating 
beam with a high frequency.  
     If the energy driver beam wobbles uniformly in time, the imposed perturbation for 
a physical quantity of 𝐹 at 𝑡 = 𝜏 may be written as  
          𝐹 = 𝛿𝐹𝑒!!!𝑒!(!!!)!!!∙! .                         (7) 
Here 𝛿𝐹 is the amplitude, Ω the wobbling or oscillation frequency, and Ω𝜏 the phase 
shift of superposed perturbations. At each time 𝑡 = 𝜏, the wobbler provides a new 
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perturbation with the controlled phase shifted and amplitude defined by the driving 
wobbler itself. After the superposition of the perturbations, the overall perturbation is 
described as  
          𝑑𝜏    𝛿𝐹𝑒!!!𝑒!(!!!)!!!∙!!! ∝    !!!!!!!!! 𝛿𝐹𝑒!"𝑒!!∙!.       (8) 
At each time of 𝑡 = 𝜏 the driving wobbler provides a new perturbation with the 
shifted phase. Then each perturbation grows by the factor of 𝑒!" . At 𝑡 > 𝜏  the 
superposed overall perturbation growth is modified as shown above. When Ω ≫ 𝛾, 
the perturbation amplitude is reduced by the factor of 𝛾/Ω, compared with the pure 
!"#$"%$!&'$"()$2!/"! "!
#!
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!$2!/"!
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!$2!/"!
Fig. 6 Superposition of perturbations defined by the wobbling driver beam. At each time 
the wobbler provides a perturbation, whose amplitude and phase are defined by the 
wobbler itself. If the system is unstable, each perturbation is a source of instability. At a 
certain time the overall perturbation is the superposition of the growing perturbations. The 
superposed perturbation growth is mitigated by the beam wobbling motion.  
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instability growth (Ω = 0) based on the energy deposition non-uniformity.  
     Figure 8 shows the perturbations decomposed, and each time the phase-defined 
perturbation is imposed actively by the driving wobbler. The perturbations are 
superposed at the time t. The wobbling trajectory is controlled by for example a beam 
accelerator or so, and the superposed perturbation phase and amplitude are controlled 
so that the overall perturbation growth is controlled.  
     From the analytical expression for the physical quantity F in Eq. (8), the 
mechanism proposed in this paper does not work, when  Ω ≪ 𝛾. Only for the modes, 
which satisfy the condition of Ω ≥ 𝛾, the mechanism of the instability mitigation by 
the wobbler can be applied for its growth mitigation. For R-T instability, the growth 
rate 𝛾 tends to become larger for a short wavelength. If Ω ≪ 𝛾, the modes cannot be 
mitigated. In addition, if there are other sources of perturbations in the physical 
system and if the perturbation phase and amplitude are not controlled, this dynamic 
mitigation mechanism also does not work. For example, if the sphericity of an inertial 
fusion fuel target is degraded, the dynamic mitigation mechanism does not work. In 
this sense the dynamic mitigation mechanism is not almighty. Especially for a 
uniform compression of an inertial fusion fuel all the instability stabilization and 
mitigation mechanisms would contribute to release the fusion energy in stable.   
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     Figure 9 shows an example simulation for R-T instability, which has one mode. In 
this example, two stratified fluids are superposed under an acceleration of g = g
0
+δg . 
In this example case the wobbling frequencyΩ is 2𝜋𝛾, the amplitude of 𝛿g is 0.1g!, 
and the results shown in Figs. 9 are at 𝑡 = 8𝛾. In Fig. 9(a) δg  is constant and drives 
the R-T instability as usual, and in Fig. 9(b) the phase of δg  is shifted or oscillated 
with the frequency of Ω as stated above for the dynamic mitigation. The example 
simulation results also supports the effect of the dynamic mitigation mechanism well.  
     In HIF a fuel target is irradiated by HIBs, when the fuel target is injected and aligned 
at the center of the fusion reactor (Miyazawa et al., 2005, Someya et al., 2006b, Petzoldt, 
1998). In this subsection, we employ (Pb+) ion HIBs with the mean energy of 8GeV. 
The HIB temperature is 100MeV and the HIB transverse distribution is the Gaussian 
profile. The beam radius at the entrance of a fusion reactor is 35mm and the radius of a 
fusion reactor is 3m. We employ an Al monolayer pellet target structure with a 4.0mm 
external radius. The 32-HIBs positions are given as presented in (Skupsky, 1983). The 
HIBs illumination non-uniformity is evaluated by the global rms (see Eq. (1)), including 
also the Bragg peak effect in the energy deposition profile in the target radial direction. 
In this study, one HIB is divided into many beamlets, and the precise energy deposition 
x x
y y
!"#$%&'()"')$!!" !*#$+(,-.."/'0$!!"
Fig. 7 Example simulation results for the R-T instability mitigation. (a) 10% acceleration 
nonuniformity drives the R-T instability as usual, and (b) 10% acceleration nonuniformity 
oscillates or wobbles.  
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is computed (Someya et al., 2004, Miyazawa et al., 2005, Ogoyski et al., 2010).  
     So far, we have found that the growth of the R-T instability would be mitigated well 
by a continuously vibrating non-uniformity acceleration field with a small amplitude 
compared with that of the averaged 
acceleration (Kawata et al., 1993, 
Kawata et al., 2009). It is realized by 
using a wobbling beam. Figure 10 shows 
a schematic diagram for the wobbling 
beam. However, in our previous work 
(Kawata et al., 2013) we found that at 
the initial stage of the wobbling HIBs 
illumination the illumination non-
uniformity becomes huge and cannot be 
accepted for a stable fuel target 
implosion.  
     This problem on the initial imprint of the rotating HIBs illumination is solved by the 
spiral wobbling HIBs as shown in Fig. 11. When the spirally wobbling beams in Fig. 11 
are used, the initial imprint of the non-uniformity at the beginning of the irradiation is 
greatly reduced about from 14% to 4%. For the spiral wobbling beam the beam radius 
changes from 3.1mm to 3.0mm at 𝑡 = 1.3𝜏!". Here 𝜏!" is the time for one rotation of the 
wobbling beam axis. The beam rotation radius becomes 2.0mm at 𝑡 = 2.0𝜏!". After that, 
the beam rotation radius is 2.0mm. In this subsection, we employ the spirally wobbling 
beam for the HIBs illumination non-uniformity study.   
     Figure 12 shows the amplitude of the mode 𝑛,𝑚 = (2, 0) vs. time, and Fig. 13 
presents the spectrum of the mode (2, 0) in its frequency space. Here 𝑛, 𝑚  are the 
Fig. 8. Schematic diagram for a circularly 
wobbling beam 
Fig. 9. Schematic diagram for spiral 
wobbling beam 
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polar and azimuthal mode numbers, and 𝑆!!  is the amplitude of the spectrum, 
respectively. If the deposition energy distributed is perfectly spherically symmetric, the 
amplitude of the spectrum is 1.0 in the mode 𝑛,𝑚 = (0, 0) in our study. For this reason, 
the amplitude of the mode 𝑛,𝑚 = (0, 0) becomes large. As a result, the amplitude of 
spectrum mode 𝑛,𝑚 = (2, 0)  is largest and the mode 𝑛,𝑚 = (2, 0)  is dominant 
throughout the HIBs illumination. In Fig. 12 the time is normalized by the wobbling 
beam axis rotation time 𝜏!". In Fig. 13 𝑓!" shows the wobbling HIBs rotation frequency. 
The result in Fig. 13 demonstrates that the small non-uniformity of the HIBs energy 
deposition has the oscillation with the same frequency and the double frequency with 
the wobbling HIBs oscillation frequency of 𝑓!".  
 
6.  CONCLUSIONS 
     The imploding fuel uniformity is one of the critical issues in HIF. First we discussed 
on the requirement for the implosion uniformity. The uniformity requirement is 
stringent. It is confirmed that the driver beam illumination non-uniformity should be 
less than a few %.  The fuel deformation behavior is clarified by the 3D fluid model at 
the final stage of the fuel compression, and the nonlinear strong mode conversion is 
taken place so that the fuel large deformation appears just before the ignition.  
Fig. 11. Spectrum of the mode (2, 0) in 
its frequency space 
Fig. 10. The mode (2, 0) amplitude of 
HIBs nonuniformity vs. time 
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     The implosion dynamics demonstrated that the density gradient scale length is rather 
large, about several hundred µm. In order to reduce the HIB illumination non-
uniformity, two non-uniformity mitigation mechanisms are also presented: the first one 
presented is the direct-indirect hybrid target, in which a part of the input HIBs energy is 
converted to the radiation energy in the density valley inside the target and the radiation 
energy contributes to the non-uniformity smoothing in HIF. The dynamic mitigation 
mechanism of instabilities is also introduced, and would contribute to smooth the beam 
driver non-uniformity. The HIB accelerator has a capability to control and rotate the 
HIB’s axis precisely with a high frequency. The wobbling HIBs would induce the 
dynamic mitigation of the R-T instability in HIF. In this paper, we also found that the 
frequency spectrum of the HIBs illumination non-uniformity is synchronized with the 
rotation frequency of the wobbling beams. This result would work to reduce the growth 
of the R-T instability originated from the HIBs illumination non-uniformity. Finally we 
would like to stress that the dynamic mitigation mechanism shown in this paper is not 
almighty. It should be applied to the fusion fuel target compression together with other 
important mechanisms, for example, the dynamic stabilization, the density gradient 
mechanism, etc.  
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FIGURE CAPTIONS 
Figure 1. An example fuel target structure in heavy ion inertial fusion.  
Figure 2. An input heavy ion beam pulse. The HIB pulse consists of the low power 
part (foot pulse) and the high power one (main pulse).  
Figure 3. A mean density and a mean radiation temperature averaged over the θ 
direction at 36.2 nsec.  
Figure 4. Target structure with the 0.5 mm-thick foam. The foam inserted confines the 
radiation energy more to smooth the HIBs illumination nonuniformity.  
Figure 5. The time histories of the RMS non-uniformity of the radiation temperature 
at the ablation front in the cases of the radiation transport ON and OFF.  
Figure 6. Superposition of perturbations defined by the wobbling driver beam. At 
each time the wobbler provides a perturbation, whose amplitude and phase 
are defined by the wobbler itself. If the system is unstable, each 
perturbation is a source of instability. At a certain time the overall 
perturbation is the superposition of the growing perturbations. The 
superposed perturbation growth is mitigated by the beam wobbling motion.  
Figure 7. Example simulation results for the R-T instability mitigation. (a) 10% 
acceleration non-uniformity drives the R-T instability as usual, and (b) 10% 
acceleration non-uniformity oscillates or wobbles. The dynamic mitigation 
mechanism works well.    
Figure 8. Schematic diagram for a circularly wobbling beam  
Figure 9. Schematic diagram for spiral wobbling beam  
Figure 10. The mode (2, 0) amplitude of HIBs non-uniformity vs. time  
Figure 11. Spectrum of the mode (2, 0) in its frequency space 
 
 
